Apoptosis, a form of cellular suicide is a key mechanism involved in the clearance of cells that are dysfunctional, superfluous or infected. For this reason, the cell needs mechanisms to sense death cues and relay death signals to the apoptotic machinery involved in cellular execution. In the intrinsic apoptotic pathway, a subclass of BCL-2 family proteins called the BH3-only proteins are responsible for triggering apoptosis in response to varied cellular stress cues. The mechanisms by which they are regulated are tied to the type of cellular stress they sense. Once triggered, they interact with other BCL-2 family proteins to cause mitochondrial outer membrane permeabilization which in turn results in the activation of serine proteases necessary for cell killing. Failure to properly sense death cues and relay the death signal can have a major impact on cancer. This chapter will discuss our current models of how BH3-only proteins function as well as their impact on carcinogenesis and cancer treatment.
Introduction
In multicellular organisms, various cells of differing specialized functions work together to ensure the survival of the whole organism. In this complex cooperative network, it is essential to ensure the clearance of dysfunctional cells that may pose a risk to the collective. Thus the machinery required to carry out the cellular suicide program known as apoptosis is programmed genetically into each cell. Apoptosis is a form of programmed cell death that is essential in the clearance of cells that are infected, dislocated from their normal positions, damaged, superfluous or have reached the end of their useful life span. Once the apoptotic pathway is engaged, cells are efficiently dismantled and cleared. This efficient process is mediated by the activation of caspases, which are a family of specialized serine proteases that effectively cleave various protein substrates within the cell. One result of their proteolytic activity is the activation of the endonuclease CAD (caspase-activated DNase) which goes on to dismantle the cellular genome, preventing replication of the undesirable clone. 1 The dying cells also exhibit cell surface markers that flag them for engulfment and clearance by macrophages. Once caspases have cleaved their downstream substrates, the destruction is irreparable and cell death is inescapable. For this reason, the pathways that lead to caspase activation are critical in determining cell fate.
Apoptosis can be executed by two major pathways called the extrinsic and intrinsic pathways. In the extrinsic pathway, extracellular death signals in the form of ligands bind and activate cell membrane-anchored death receptors like FAS (also known as CD95) receptor, TNF (tumor necrosis factor) receptor and TRAIL (TNF-related apoptosis-inducing ligand) receptor. 2 After ligand binding, death receptors aggregate and recruit the adaptor molecule FADD (Fas Associated Death Domain). FADD interacts with pro-caspase-8 to form a complex known as the Death Inducing Signaling Complex (DISC). This complex places several pro-caspase-8 proteins in proximity to each other, causing them to activate by cleavage. 2 Fully activated caspase-8 is an initiator caspase that goes on to cleave and activate effector caspases needed to kill the cell.
The intrinsic pathway relies on the mitochondria and thus is also referred to as the mitochondrial pathway. In this pathway, the cell internally senses death cues and usually relays the death signal through a subclass of BCL-2 family proteins called the BH3-only members. These BH3-only proteins interact with other pro-apoptotic and anti-apoptotic proteins members of the BCL-2 family to decide cell fate. If the cell commits to death, proapoptotic BCL-2 family members cause the mitochondrial outer membrane to become permeabilized (MOMP) and apoptogenic factors like cytochrome c are released into the cytosol. [3] [4] [5] Once in the cytosol, cytochrome c interacts with APAF-1 (apoptotic protease activating factor 1) and pro-caspase-9 to form a complex termed the apoptosome. 6 The apoptosome complex facilitates the proximity induced auto-cleave of pro-caspase-9 to the active caspase-9. 7, 8 Similar to caspase-8, caspase-9 is an initiator caspase that goes on to cleave and activate other effector caspases to kill the cell.
In many cells, activation of the extrinsic pathway alone is insufficient to induce apoptosis. 2 Instead, recruitment of the intrinsic pathway is also required. Caspase-8 can amplify the extrinsic death signal by cleaving and activating the BH3-only protein Bid to trigger activation of the intrinsic pathway. Thus, BH3-only proteins are important players responsible for communicating death signals originating in both the extrinsic and intrinsic pathways. Understanding how these BH3-only proteins function will help us not only understand how cells survive to become cancerous but also how to trigger these death cues for better chemotherapeutics.
Categories of BCL-2 Family Proteins and Their Apoptotic Functions
The BCL-2 family of proteins consists of three main categories based on their function and sequence homolog y as shown on Figure 1 . Each member of this family of proteins shares at least one of four regions of homolog y with their founding member BCL-2. These BCL-2 homology regions are often denoted as BH1 through BH4. The multidomain anti-apoptotic members share all four regions (except Mcl-1 and Bfl-1). The multidomain pro-apoptotic members share domains BH1, BH2 and BH3. The final group consists of pro-apoptotic proteins that only share the BH3 domain and are thus referred to as the BH3-only proteins.
Multidomain Proapoptotic Members
The multidomain proapoptotic BCL-2 family proteins consist of Bax, Bak and Bok. Bax and Bak are prevalent and expressed in a wide variety of tissues, whereas the less studied Bok is only known to be prevalent in reproductive tissue. Bax and Bak proteins consist of five amphipathic a-helices surrounding two central hydrophobic a-helices long enough to traverse a lipid bilayer. 9 These proteins form pores in the outer membrane of the mitochondria in response to death signals. The resulting mitochondrial outer membrane permeability (MOMP) causes the release of death factors like cytochrome c into the cytosol to execute cell killing. Indeed, Bax was found to permeabilize giant liposomes releasing their fluorescence dye content. 10 Furthermore, cytochrome c release is not observed in Bax/ Bak null cells during drug treatments that normally evoke apoptosis. 11 BH3-only proteins lack pro-death function in the absence of Bax and Bak. 11 Thus, the roles of Bax and Bak in executing MOMP makes them essential for apoptosis to occur through the intrinsic apoptotic pathway. 11 In the absence of a death signal, Bax and Bak mainly exist as monomers in their inactive forms. Inactive Bax can be found in the cytosol or loosely associated with the outer mitochondrial membrane. Inactive Bak is inserted into the mitochondrial outer membrane. 12 In the presence of a death signal, Bax and Bak become activated and undergo a conformational change that exposes the N-terminal of the proteins. Upon activation, Bax translocates and inserts into the mitochondria. Both activated Bax and Bak homooligomerize and form pores to cause MOMP. As detailed below, the steps that lead to Bax and Bak induction of MOMP can be regulated by the other BCL-2 family proteins. Both the anti-apoptotic and BH3-only category of proteins have important roles in regulating Bax and Bak activity.
Anti-Apoptotic BCL-2 Family Members
The multidomain anti-apoptotic proteins include BCL-2, BCL-XL, BCL-2, Mcl-1 and Bfl-1/ A1. BCL-2 and its two closest homologs BCL-XL and BCL-2 share the same core structure as the pore forming Bax and Bak, which consist of five amphipathic a-helices surrounding two central hydrophobic a-helices. These proteins possess three or four BH domains and a C-terminal transmembrane anchor. A hydrophobic groove formed by the BH1, BH2 and BH3 domains provide a binding site for the hydrophobic face of the amphipathic BH3 domain of pro-apoptotic proteins.
These anti-apoptotic family members have been observed to bind Bax and Bak resulting in the prevention of Bax/Bak oligomerization and MOMP. Modification of the hydrophobic pocket of BCL-XL inhibits this Bax interaction. 13 This interaction is greatly increased in the presence of detergents, like Triton X100 and NP-40, that induce the active conformation of Bax. 14 This suggests that anti-apoptotic BCL-2 family proteins preferentially inhibit the activated form of Bax and Bak. The BH3-domain of BH3-only proteins can also bind to the hydrophobic pockets of anti-apoptotic family members. 15 Indeed, this may be the most important anti-apoptotic function of anti-apoptotic proteins. Two main line of evidence support this view. First, a mutant BCL-XL protein that lacked the ability to bind Bax or Bak, but could still bind BH3 only proteins, maintained nearly all of its anti-apoptotic function. 16 Second, in living cells, when BCL-2 protects against cell death, it does so usually by preventing activation of Bax and Bak, suggesting that interception of Bax and Bak activating signals is the primary function of BCL-2 and related anti-apoptotic proteins. 17 Nonetheless, cells may be found in which a portion of the total Bax and Bak is indeed bound to anti-apoptotic proteins. The significance of anti-apoptotic proteins binding to BH3-only proteins in regulating Bax and Bak activity is discussed further in the next section.
Proapoptotic BH3-Only Function
Proteins which can most confidently be referred to as BH3-only proteins include Bim, 18 Bid, 19 Bad, 20 Bik, 21 Noxa, 22 Puma, 23 Hrk, 24 Bmf, 25 Mule, 26 Bcl-g. 27 Others have been identified as possessing BH3-domains, but their function as pro-death molecules in the BCL-2 family remains less clear. These include Bnip3, 28 Beclin-1, 29 ApoL6, 30 BRCC2, 31 Spike 32 and MAP-1. 33 It is worth noting that the roughly 20 amino acid BH3 domain has only a few amino acids that are highly conserved across all members, so that searching for BH3 domains by sequence alone is challenging, if not impossible. This chapter will focus on the better studied BH3-only proteins Bim, Bid, Bad, Bik, Noxa, Puma, Hrk and Bmf. These proteins are induced by cell death cues and relay their death signal to the mitochondria. As their name denotes, BH3-only proteins share homolog y with BCL-2 only in their BH3 domain. The BH3 domain consists of an amphipathic a-helix. Mutating the BH3-domain of BH3-only proteins abrogates their pro-apoptotic function. 18, 19 Furthermore, short polypeptide oligomers made from the BH3 domain sequence are sufficient to induce Bax-and Bakmediated MOMP. 17, 34 Thus the BH3 domain of the BH3-only proteins are both necessary and sufficient for their apoptotic function.
BH3-only proteins can be divided into two different groups based on their function, the activators and the sensitizers. 34 BH3-only proteins require the presence of Bax or Bak proteins to perform their pro-apoptotic function. 35 Data suggests that certain BH3-only proteins, called activators, may directly interact with Bax and Bak to promote their activation. These activator BH3-only proteins include Bim and the truncated form of Bid (tBid). Bid was initially cloned via interaction with both Bax and BCL-2, so it is perhaps not surprising that an interaction with Bax has biological relevance. 19 Both tBid as well as the BH3 domain from Bid have been shown to induce Bax activation and membrane permeabilization in mitochondrial and liposomal systems. 12, 34, 36 These observations have been greatly bolstered by more recent work directly observing interaction in a lipid membrane using full-length proteins and fluorescence resonance energy transfer (FRET). 37 Also, structural studies show that the BH3 domain of Bim binds the a1 and a6 helices of Bax and not the hydrophobic pocket formed by the BH1, BH1 and BH3 domains. 38 However, since loss of both Bim and Bid has only minor effects on select triggers of apoptosis, 39 it seems likely that these factors are not the only activators. Indeed, activator function has also been attributed to p53 and the BH3-only protein Puma. 40, 41 Other uncharacterized proteins may play this role and even heat has been shown to foster Bax activation. 42 Anti-apoptotic BCL-2 family proteins can bind and sequester activator BH3-only proteins, preventing them from activating Bax and Bak. 34, 43 Sensitizer BH3-only proteins lack the ability to directly activate Bax and Bak but are still pro-apoptotic. They instead bind anti-apoptotic family proteins like BCL-2 and Mcl-1 to inhibit their function. [18] [19] [20] [21] [22] The hydrophobic face of the BH3 a-helix inserts into the hydrophobic cleft formed by the BH1, BH2 and BH3 domains of the anti-apoptotic family members. By binding to anti-apoptotic members, BH3-only proteins prevent critical antiapoptotic binding of pro-apoptotic molecules including activators like Bim and Bid, as well as activated, monomeric Bax and Bak. If the anti-apoptotic proteins are already binding select pro-death proteins such as activator BH3-only proteins (e.g., Bim or Bid) or activated Bax or Bak, the inhibition of anti-apoptotic function can induce death by freeing those molecules to trigger MOMP. It must be noted that not all BH3-only proteins can bind all anti-apoptotic members. Binding assays show BH3 peptides from the various BH3-only proteins have specificity for only certain anti-apoptotic BCL-2 family members. 17, 44 Some BH3-only proteins like Bim, Bid and Puma can bind all known anti-apoptotic family members. However, proteins like Bad, Bik, Noxa, Hrk and Bmf are more limited in the spectrum of anti-apoptotic proteins they can bind. Figure 2 displays the binding specificities of the BH3 peptide from each BH3-only protein to the anti-apoptotic family members.
The presence of two distinct models of control over apoptosis, the so-called direct and indirect models, have received considerable attention in the field. However, with the now widespread appreciation that Bax and Bak require some kind of activating step to effect MOMP, the differences are quite slender. Proponents of the direct model have focused on the ability of activator BH3-only proteins to cause death by activating Bax and Bak. Proponents of the indirect pathway have focused more on the sensitizer function of BH3-only proteins, particularly in their ability to displace Bax and Bak that is already activated. Both mechanisms likely occur in cells, the relative degree no doubt varying according to context. A summary can be found in Figure 3 .
Regulation of Various BH3-Only Proteins and Cell Stress Sensing
Genetic and biochemical data has shown that, depending on context, different BH3-only proteins are essential for cell death initiation through the intrinsic pathway. Each BH3-only protein member can be stimulated by many mechanisms that correspond to the type of cell stress the protein is able to sense. However, it must be also be noted that many stimuli activate multiple BH3-only proteins to ensure the death signal is carried forth.
Bim (BCL-2 interacting mediator of cell death) 18 is constitutively expressed in several tissues and exists as a number of splice variants denoted as BimEL (the largest), BimL and Bims (the smallest). Bims has the most potent apoptosis-inducing activity. 18, 45 There are other splice isoforms that are not observed as often like a1-1, 1-4 and Bim AD 46 and others. 47 However, BimEL and BimL seem to be the most relevant in vivo. Bim is regulated by multiple known mechanisms. Bim can be localized to the microtubules by binding to dynein light chain (DLC) 1, a component of the microtubule dynein motor complex. 48 This localization suggests that Bim may be activated during microtubule perturbation. Bim can also be regulated transcriptionally. After cytokine withdrawal, activation of Foxo3a (forkhead transcription factor) induces Bim expression in lymphocytes. 49 Loss of cellular adhesion can also cause transcriptional upregulation of Bim via the Mek/Erk pathway. 50 Phosphorylation by Jun N-terminal kinase (JNK) in the DLC-binding domain causes Bim to dissociate from the microtubule and induce cell death after UV irradiation. 51 Bim can also be downregulated by proteasomal degradation after ERK-mediated phosphorylation and subsequent ubiquitination. 52 With all of these mechanisms of regulation, Bim can serve as a sentinel for genotoxic stress, microtubule stress, loss of cellular adhesion and loss of growth factors.
Bid (BH3-interacting domain) is relatively inactive until proteolytically cleaved to the truncated form tBid. Bid can be cleaved by caspase-8 and thus serve as a means by which the extrinsic apoptotic pathway can activate the intrinsic pathway. Granzyme B, a protease released in secretory granules by cytotoxic T-lymphocytes and natural killer cells, can also activate Bid. 53, 54 These granules are often directed at virally transfected or transformed cells. The lysosomal protein cathepsin can also cleave Bid after lysosomal disruption. 55 Once cleaved, Bid becomes myristoylated which promotes its targeting to the mitochondria. 56 Aside from proteolytic activation, Bid was also shown to be transcriptionally induced by p53 during yirradiation though much of it remains inactive and uncleaved. 57 Since upregulation of total Bid was not accompanied with increased activated tBid, it is not clear how this mode of Bid activation contributes to p53-induced apoptosis. Data also suggests that Bid may be regulated by ATM kinase mediated phosphorylation during the DNA damage response. 58 Nonphosphorylatable Bid mutant was more resistant to etoposide-induced apoptosis than wild-type. 58 Thus Bid is a sentinel that detects internal death cues from DNA damage as well as relay external death signals.
Bad is best known for its role in apoptosis induced by cytokine or growth factor deprivation. The Bad gene results in two different size proteins (Bad long and short) due to alternate translation initiation and translation start sites. 59 It is tightly regulated by phosphorylation through various pathways. In mice, serine 112, serine 136 and serine 155 are phosphorylated. In humans the residues phosphorylated are Ser-75, Ser-99 and Ser-118. Protein kinases that phosphorylate Bad include Akt, 60, 61 Raf-1, 62 protein kinase A (PKA). 63 All of these kinases are activated by growth survival signals. Phosphorylation at these sites promotes sequestration of Bad in the cytoplasm by 14-3-3 scaffold proteins away from the mitochondria. 64 Phosphatases that dephosphorylate Bad include calcineurin, 65 protein phosphatase 1 (PP1) 66 and protein phosphatase 2A (PP2A). 67 Dephosphorylation allows Bad to translocate to the mitochondria and inhibit select anti-apoptotic BCL-2 members.
Bik (also known as Nbk) is induced due to various apoptotic triggers. The mouse orthologue is called Blk. Bik expression can be upregulated by p53. 68 Once induced, Bik translocates to the mitochondria and endoplasmic reticulum. Bik can be enhanced when phosphorylated possibly by a casein kinase II related enzyme. 69 Nonphosphorylatable Bik displays less apoptotic activity though its ability to bind BCL-2 is maintained. 69 Bik can also be transcriptionally upregulated by the oncogene E2F in a manor that is independent of p53. 70 Puma (p53 upregulated modulator of apoptosis) was first discovered as a gene induced by p53. 23 It was concurrently discovered by another lab which named it bbc3. 71 The promoter contains two p53 binding sites allowing it to be directly affected by p53. The gene produces two proteins products (Puma-a and Puma-) that exhibit similar activity in binding BCL-2 and causing cytochrome c release. 23 Puma substantially contributes to p53-dependent and independent apoptosis during glucocorticoid treatment, ionizing irradiation, deregulated cMyc induced death and cell death induction during cytokine withdrawal. 71, 72 Though other BCL-2 family members are also transcriptionally upregulated by p53, data suggest that Puma plays a predominant role in mediating p53-induced apoptosis. 72, 73 Noxa (Greek for "damage") was the first BH3-only protein reported to be a p53 transcriptional target. 22 The human Noxa protein has one BH3 domain but the mouse Noxa is the only BCL-2 family member known to have two functional BH3 domains. 22 Both human and mouse Noxa genes have a p53-binding site in their promoter causing them to be a direct effector of p53. 22 Together with Puma, Noxa plays a role in p53-mediated death but seems to be less important than Puma in many cases. This may be due it is effects being more limited than Puma in regards to the anti-apopotic BCL-2 members it can neutralize(see Figure 2 ). Noxa is thought to induce apoptosis though antagonism MCL-1 and BFL-1. 17, 44 Bmf is reported to be regulated in a similar manner as Bim and also has a conserved dynein light chain-binding motif. However, instead of binding to the microtubules, BMF is bound to dynein light chain 2 (DLC2) which is a component of the myosin C actin motor complex found on the actin microfilament. 25 Loss of cellular adhesion can mobilize Bmf to exert its pro-apoptotic function. 74 Human Hrk has a murine homologue DP5, which was first discovered to induce death when rat sympathetic neurons were deprived of nerve growth factor (NGF). 75 Murine DP5 is mainly only expressed in the nervous system 75 while human Hrk is also found in hematopoietic tissues. 24 Hrk can be regulated at the transcription level. It has been shown that E2F1 can transcriptionally upregulate Hrk. Hrk is also induced during growth factor withdrawal in haemopoietic progenitor cells lines. 76 Thus, Hrk can serve as a sentinel for growth factor withdrawal and oncogene activation induced death.
Though much information is known regarding the regulation of BH3-only proteins, a full picture of what triggers cause each protein to be activated is far from complete. Also, each tissue type may utilize a different set of BH3-only to respond to the same death stimulus. Lastly, it must be noted that cancer cells exhibit at baseline many characteristics that would normally mobilize these BH3-only sentinels. Oncogenes like Myc upregulates Bim and E2F1 upregulates Hrk. Metastatic cancer cells also loose normal adhesion to their environment which should trigger Bim and Bmf. Tumors that grow outside of their normal tissue also lack normal survival factors that could result in induction of BH3-only proteins like Bim, Bad, Puma and Hrk. Thus, BH3-only proteins may play important roles in cancer prevention at very early stages of tumorigensis. In the next section, the possible impact of BH3-only proteins to cancer development will be assessed.
BH3-Only Proteins and Cancer Development
It has been postulated that inhibiting apoptosis is a prerequisite for cancer development. 77 In this section, we will summarize data accumulated regarding how direct changes in BH3-only members contribution to carcinogenesis. The best studies to address their contribution are found in experimental mouse knockout models. These models will be compared with data obtained from human studies to also assess their effect on human cancer.
Bim-deficient lymphoid and myeloid cells facilitate tumorigenesis in mice with a tumorprone background. 78 In one study, half of the bim-null mice became terminally ill within a year. 78 Loss of a single allele of Bim in the presence of a Myc transgene causes robust tumor formation especially in the form of acute B-cell leukemia. 79 This is thought to be due to the observation that apoptosis triggered by Myc is mediated by its induction of Bim. 79 Thus without Bim, Myc tumors have a great survival advantage. Lymphoma from Bimdeficient mice also show resistance to cytokine deprivation, 78 which may help these cells grow unchecked. In human cancer, microarray data showed Bim is down regulated by exhibiting homozygous deletion in mantle cell lymphoma and promoter hypermethylation in Burkitt's lymphoma. 80 Thus Bim plays a significant role in tumor-suppression in controlled mouse models and may indeed be relevant in human cancer. Aging Bid-deficient mice develop a myeloproliferative disorder and progress to a fatal malignancy resembling chronic myelomonocytic leukemia. 81 In 2 years, 53% of Bid-deficient mice have developed leukemia. 81 Bid-deficient myeloid precursors reportedly show enhanced colony-formation potential in vitro. 81 Thus Bid acts as a tumor suppressor in myeloid cells. The tumorigenetic contribution of Bid in humans is not as evident. An immunohistochemistry survey found increased Bid expression in prostate cancer, colon cancer, ovarian cancer, brain cancer and B-cell non-Hodgkin's lymphoma. 82 Therefore, even though mouse data supports the role of Bid as a tumor-suppressor, its role in human cancer is less evident.
Bad-deficient mice were viable and with age develop diffuse large B-cell lymphoma of germinal center origin. 59 Tumors begin appearing about 15 months of age. 59 Tumor development due to loss of BH3-only proteins generally requires substantial time which suggests that accumulation of other mutations are necessary to induce tumorigenesis. Indeed, increasing mutation rate by sublethally y-irradiating mice lacking Bad produced greater incidence of leukemia. 59 Loss of Bad also offers advantage for cancer cells by allowing them to become independent of survival signals that control the growth of normal cells. Withdrawal of epidermal growth factor (EGF) increased death of wild-type mammary epithelial cells but Bad null cells were more resistant. 59 Studies in human have found the Bad gene is methylated in multiple myeloma cells. 83 Thus Bad loss may be tumorigenic in both mice and humans.
It has been shown that the oncogene E1A induces apoptosis and upregulated Bik though a p53-dependent pathway. 68 However, mice deficient in Bik showed no signs of developing cancer. In human studies, Bik has been found to be methylated in multiple myeloma cells. 83 Immunohistochemistry studies show Bik loss of expression in malignant kidney epithelium compared to their adjacent normal tissue. 84 Thus, Bik is associated with cell death during oncogene activation and cancer progression, but by itself loss of Bik may not be greatly tumorigenic.
Despite its role as an important effector of p53 mediated apoptosis, loss of Puma is not tumorigenic on its own since no spontaneous tumors arise in Puma-deficient mice over time. However, its loss does dramatically reduce the time required for lymphoma formation in Myc transgenic mice. 85 These lymphomas usually maintain wild-type p53 that can still function in inducing cell cycle arrest due to y-irradiation. 85 Puma loss also reduced time of tumor formation of MEFs transformed by E1A and ras-encoding retroviruses in nude mice. 85 Similarly, loss of Puma greatly promotes apoptotic resistance in MEFs transformed by the Myc oncogene. 72 In humans, no relationship was found between Puma expression level with HNSCC and lung cancer. 86 A correlation was found where Puma decreased upon melanoma progression. 87 Since p53 loss is relatively rare in melanoma, 88 Puma loss in these cells may provide selective advantage from its p53-related activity. Thus, Puma loss may not be highly tumorigenic on its own but may provide many transformed cells with a survival advantage.
Mice deficient in Noxa showed no signs of developing cancer. Noxa was also down regulated by mutation and silenced in diffuse large B-cell lymphoma. 80 Mutational analysis done on colon adenocarcinomas, advanced gastric adenocarcinomas, nonsmall-cell lung carcinomas, breast carcinomas, urinary bladder transitional cell carcinomas and hepatocellular carcinomas found no inactivating mutations associated with these cancers. 89 Thus the evidence available does not conclusively show that Noxa loss significantly contributes to tumorigenesis.
The effect of Bmf on tumorigenesis remains to be determined. Microarray data showed levels of Bmf increase in anoikis conditions. Knock-down of Bmf prevented anoikis and promoted anchorage independent growth. 74 Circumstantial evidence exists to suggest its involvement in cancer since its chromosomal location 15q14 harbors a tumor-suppressor found in patients with advanced breast, lung and brain cancer. 90, 91 Yet this evidence is not sufficient to make conclusions regarding the impact of Bmf as a tumor-suppressor.
Mice deficient in Hrk alone showed no signs of developing cancer. However, the Hrk gene is often inactivated by methylation in gastric and colorectal cancer compared to normal colon or stomach. 92 Though the gene suppression of this BH3-only member is associated with cancer, these associations alone do not necessarily point to a causal relationship.
Throughout this survey of BH3-only proteins and their impact on cancer development, Bim and Bad show strongest evidence of being human tumor suppressors. In mouse models Bid also is a tumor suppressor but relevance to human cancer is not evident. This does not rule out the possibility that other BH3-only proteins may also be tumor suppressors as well. The weakness of certain BH3-only proteins as tumor-suppressors may be due to their redundancy of function during various apoptotic stimuli. For this reason, it is not surprising that upregulation of anti-apoptotic BCL-2 family proteins that can block a wide range of BH3-only members have a greater oncogenic ability [93] [94] [95] than the loss of individual BH3-only members alone.
BH3-Only Proteins and Chemotherapy Response and Resistance
BH3-only proteins may not only have a profound effect on cancer development but also on cancer treatment. Many cancer therapeutics cause cellular stress that lead to apoptotic death.
However, in many cases the exact mechanism of how these therapeutics cause death is not very well studied. The following table summarizes some of the BH3-only proteins implicated in various cancer therapeutic treatments.
In most of the studies shown in Table 1 , the BH3-only proteins listed was either knockeddown or knocked out. If treatment of the cells deficient in the BH3-only protein of interest resulted in survival then that protein is implicated as a BH3-only protein involved in cell killing. However, since BH3-only protein expression can be tissue specific, the set of BH3-only proteins actually involved in a certain drug-induced killing may be different for cancers of varying origin. Even cancer cells lines from the same tissue type can differ dramatically in regards to the BH3-only proteins that they may employ in cellular suicide. Yet despite these issues, some tentative generalizations can be drawn from our current understanding of BH3-only proteins and their involvement in cancer therapeutics.
One noted trend is the prevalence of Bim involvement in a wide variety of cancer therapy responses. Since Bim is an activator and can also inhibit all anti-apoptotic BCL-2 family proteins, loss of its activity may more noticeably affect drug-induced death than the other BH3-only proteins. Likewise, Puma can inhibit a wide range of anti-apoptotic proteins and is also important in a wide range of cancer therapeutic killing.
One final item worth noting is the fact that each cancer treatment often mobilizes many BH3-only proteins to evoke apoptosis. For example, Imatinib was found to cause cell death through activation of several BH3-only proteins including Bim, Bmf and Bad. 111 Imatinib induced Bim through transcriptional activation and inhibition of its proteasomal degradation. 111 Imatinib also upregulate Bad by dephosphorylation and Bmf though transcriptional induction. Knock-down of Bim caused partial resistance to Imatinib. 117 However, fetal liver cells lacking both Bim and Bad are nearly completely resistant to Imatinib. 111 Thus, the effectiveness of chemotherapeutic treatment relies on many BH3-only proteins to ensure cell death.
BH3-Only Mimetic Drugs
Due to the significant effect of BH3-only proteins on drug response, various companies have developed small molecules that mimic the BH3 domain and induce apoptotic death. One such drug, ABT-737 is the most potent and specific inhibitor (K i < 1 nM) of BCL-2, BCL-XL and BCL-2. 118 Studies have shown significant cytotoxic effects of ABT-737 as a single agent on primary follicular lymphoma and B-CLL cells. 118, 119 As a single agent ABT-737 is not as effective in solid tumor cell lines but does show activity in small cell lung cancer (SCLC) cells. 118 For a review see Labi et al. 120 In vivo, ABT-737 is not only well tolerated but showed a sixfold increase in event-free survival of immune compromised mice harboring transplanted human pediatric ALL cells when combined with vincristine, dexamethasone and L-ASP. 121 Based on the activator/sensitizer model, the therapeutic window that allows normal cells to resist ABT-737 treatment and cancer cells to succumb to apoptosis is a phenomenon often termed "BCL-2 addiction." Cancer cells often exhibit characteristics that would evoke the activity of BH3-only proteins like genomic instability and oncogene activation. One way for these cancer cells to survive is to upregulate levels of anti-apoptotic proteins to protect them from death. Indeed it has been shown that many cancer cells over-expressing anti-apoptotic BCL-2 are preloaded with the activator Bim even prior to drug treatment. 119 These cells are in a state that is referred to as "primed" for death and only require sensitizer mediated displacement of activators to trigger cell death. 17 Based on the activator/sensitizer model, ABT-737 would be classified as a sensitizer mimetic since it is not able to activate Bax and Bak on its own. Indeed, ABT-737 has been observed to displace the activator Bim from BCL-2 to cause cytochrome c release. 119 Moreover, the status of being "primed" has been positively correlated with ABT-737 sensitivity. 17, 119, 122 For this reason, BH3-only mimetics are extremely useful chemotherapeutics against cancer cells.
Despite the effectiveness of ABT-737, its inability to inhibit Mcl-1 can limits its efficacy. Cells displaying resistance to ABT-737 are often shown to be protected by Mcl-1. 123, 124 For this reason development of BH3 mimetics which target Mcl-1 and other antiapoptotic proteins are currently explored.
Conclusion
As the sentinels of cellular dysfunction, BH3-only proteins play an important role in the detection and clearance of potentially cancerous cells. A better understanding of BH3-only protein function has already yielded an effective drug ABT-737 that can mimic their activity in the selective killing of cancer cells. However, many solid tumors are not responsive when treated with ABT-737 alone. Since ABT-737 has sensitizer function, it likely requires the presence of other BH3-only proteins to induce cell killing. Indeed, in combination with other chemotherapeutic drugs that can induce activation of other BH3-only proteins, ABT-737 does show greater effectiveness. For this reason, a deeper understanding of BH3-only protein regulation and response to drug action is needed to develop more effective treatment options. Furthermore, understanding how various oncogenes effect the BH3-only proteins mobilization can help physicians tailor drug treatment to the oncogenes involved in individual patient tumors. Standing in the cross roads between detection of cellular derangement and the cellular death machinery, BH3-only proteins serve as important allies in cancer cell killing and rational treatment design. BCL-2 homology domains of BCL-2 family members. Binding specificity of various BH3-only protein oligomers for anti-apoptotic members. White blocks denotes strong affinity, grey blocks denote weak-affinity and black blocks denote no detectable binding. Model of BH3-only induction of Bax/Bak mediated outer mitochondrial membrane permeabilization.
